Synthetic waxes produced by standard and registered processes may be used to manufacture Warm Mix Asphalt (WMA), which is a modified asphalt concrete produced, applied and compacted at temperatures below those typically required. This feature leads to environmental benefits, such as reduced energy consumption, gas and fume emissions, as well as to economic/operational advantages, such as lower production costs and greater hauling distances for extended construction seasons with tighter schedules. The present article serves to compare the mechanical performance of a WMA produced by adding synthetic wax with a traditional Hot Mix Asphalt (HMA) specimen, in terms of shear fatigue response and both complex and stiffness moduli. The experimental results and related modeling work demonstrate that adding synthetic wax into the WMA composition does not hinder either the destructive or non-destructive performance of an HMA, and this finding is corroborated by respectively measuring fatigue life and stiffness.
comparison.
Primary goals
The present study has been undertaken to compare the performance, in terms of shear fatigue behavior, compression complex modulus and indirect tensile stiffness modulus, of a WMA containing synthetic wax with a traditional HMA.
The fatigue tests were conducted on parallelepiped asphalt concrete samples at two temperatures and one frequency, while the modulus tests were carried out on conventional cylindrical samples at three temperatures and several loading frequencies. The experimental fatigue results were then analyzed by considering two distinct failure criteria, so as to derive additional information on possible differences in fatigue response; the first criterion is simply based on a reduction in shear modulus, and the second is a mathematical model based on the damage growth trend, according to which the inflection point on the damage vs. number of fatigue cycles curve is assumed to be the failure point.
3.
Laboratory experimental program: Materials and testing
Materials and sample preparation
Two types of asphalt concretes, WMA and HMA, were studied by use of a typical gradation curve (see Table 1 ) for binder course hot-mix asphalt concrete, classified as AC 16 bin 70/100, in accordance with the UNI EN 13108-1
Standard. Limestone aggregates and two asphalt binders, with a binder content equal to 5.2% of the mix, were supplied to produce all of the asphalt mixture specimens tested. The HMA mixtures were prepared with a plain 70/100 pen binder;
the WMA preparation introduced a 70/100 pen binder modified by adding synthetic wax of the Sasobit® type (FT) at a rate of 3% by mass of binder. This amount was chosen in order to assess the mechanical effects of adding the highest rate suggested by the manufacturer. The asphalt modification step was completed directly in the laboratory by adding the wax into the hot binder (at 150°C) and then mixing by means of a portable mixer for 30 minutes.
Concerning the mixing and compaction temperatures, the HMA samples were mixed at 160°C and compacted at 150°C, while WMA samples underwent mixing at 120°C and compaction at 110°C. The samples subjected to fatigue testing measured 50 mm x 70 mm x 125 mm and were obtained by cutting full asphalt concrete slabs (measuring 305 mm × 305 mm × 60 mm) that had been compacted by a roller compactor apparatus run at a preset pressure and number of passes. The samples undergoing stiffness characterization were cylindrical (Φ = 100 mm) with heights of 150 mm for the compression complex modulus and 60 mm for the indirect tensile stiffness modulus; they were obtained by using a Shear Gyratory Compactor (SGC), in accordance with UNI EN 12697-31. All HMA and WMA samples tested were measured at an (5 ± 0.7)% air void content to allow for a reliable comparison of mechanical performance.
Testing program and instrumentation
The complex modulus characterization steps were carried out in a compression state using a Dynamic Creep 
4.

Data generation: Modeling of measurement data
The fatigue response of asphalt mixes may be interpreted by considering various failure criteria [15] [16] [17] . In this work, fatigue test results have been derived by examining two failure criteria, called here the "50% reduction in modulus" and the "flex point model". The first criterion assumes that failure during the fatigue life occurs when the initial stiffness has decreased by 50%. In contrast, the flex point model is based on a mathematical analysis that considers fatigue as a gradual and continuous evolution of damage inside the asphalt concrete specimen. The beginning of a fatigue test is characterized by a decreasing rate of evolution in a selected fatigue parameter followed by a gradual increase up until failure. The evolution rate is ascribed a zero value at the flex (or inflection) point, which can thus be assumed as the point of failure.
This model, initially introduced by Virgili et al. [18] , has been further developed using the Matlab software for application to DST fatigue results. This model is mainly based on the assumption that damage grows everywhere within the shear band (see Fig. 2 ). Damage can thus be described through a dimensionless scalar variable D, whose value ranges from 0 (undamaged material) to 1 (complete failure). In this study, it is assumed [13] that microdamage is localized within a band between opposite notches. The band length is denoted c and remains unchanged during the damage phase; moreover, c is decreasing as macrocracks are growing at the end of the test. According to such an approach, a band model with surface damage dissipation (instead of volumetric dissipation) has been considered.
Consequently, a relatively uniform distribution of shear stress in the band may be assumed. The behavior of the joint is given by (1):
where τ is the peak of mean shear stress in the band, and u is the peak of relative band displacement, * 0 s K is the undamaged complex shear stiffness. Then during the test, the complex shear stiffness is decreasing in the same time damage is increasing and displacement is increasing; only shear stresses stay constant.
With this approach, the effective shear modulus of a damaged material can be defined according to (2) as: 
where α and β are variable material parameters.
Starting with this equation, it is possible to obtain a relationship between the damage factor D and number of fatigue cycles N, as represented in Equations (4) and (5), where R k is a parameter that takes non-equidistant acquisition data into account:
where:
Parameter β influences the damage law through material behavior. All values potentially assumed by parameter β may be divided into four main cases, but the only important case for the fatigue failure criterion is when β equals zero. In fact, β = 0 identifies the flex point where the damage evolution rate as a function of number of cycles reverses its trend [18, 19] . This unanimously determined point has been adopted as the failure criterion.
The proposed model applied to the fatigue test considers that β is a progressive function of the number of fatigue cycles N, as reported in (6):
where β k is the k th value of parameter β, corresponding to the k th fatigue cycle n k , while χ 7 , χ 8 and χ 9 are regression parameters.
Regarding * s K , the following well-known sigmoidal function [20] was selected to describe shear modulus evolution from one fatigue cycle to the next:
Where δ the logarithm of the minimum modulus value, ζ the difference between logarithms of maximum and minimum modulus values, and ψ and γ are shape parameters. The correlation between the load frequencies and shift factor is described in (8) :
where f is the measured load frequency, f fict the reduced frequency value and a T the shift factor, which has been determined herein by considering the classical Williams-Landel-Ferry (WLF) Equation [21] .
The final equation applied can then be written as follows (9):
Equation (9) corresponds to equation (2) written for the k-th load cycle. Varying the value of the k index, equation (9) allows the construction of the effective shear modulus curve for the damaged material, corresponding to the damage D given by equation (4) for the same load cycle. Details related to the theoretical formulation of the analytical model introduced in equation (9) have been presented in a previous work [18] .
In order to solve this equation, an additional parameter denoted D in+1 was introduced. In imposing a damage value at the beginning of the test equal to 0, the damage factor value of D in+1 is assumed to be an iterative parameter. Moreover, the model regression parameters (i.e. δ, ζ, ψ, γ, C 1 , C 2 , χ 7 , χ 8 , χ 9 and D in+1 ) can now be iteratively obtained by minimizing the sum of squared errors between experimental data and model values.
Experimental results for the complex modulus derived by use of the Dynamic Creep Apparatus were evaluated with the well-known master curve criterion. The sigmoidal model depicted in (7) was chosen to model the measurement data.
5.
Results and comments
Fatigue behavior
Experimental fatigue data can be represented in terms of relative displacement peak (v) and dissipated energy (DE) vs. the number of cycles to failure. that would ascribe an added stiffness to the asphalt mixture (as also verified in previous studies on WMAs [7, 9] ).
The dissipated energy criterion is well known to interpretations conducted in asphalt concrete mechanics [22] ; for this study, the proposed formula is introduced in Equation (10):
where DE n is the dissipated energy [in J/mm²] within the band corresponding to the n th cycle, τ the peak of shear stress , v the peak of relative displacement, and θ the phase angle.
An attempt to omit the direct dependence of fatigue response on temperature has been based on combining the experimental data collected at both test temperatures with measured results fit at 10° and 20°C by means of a conventional power law. The first fatigue dataset was generated by considering a 50% reduction in modulus value as the failure criterion; Figures 3 and 4 show the final results obtained in terms of peak of relative displacement and dissipated energy of the undamaged material (25 th cycle) vs. number of cycles to failure.
In examining Figure 3 , several conclusions can be drawn. A linear law seems to be reliable for interpreting the measurement data collected at various test temperatures. The R 2 correlation parameters are high enough for both mixtures tested, as reported in Table 2 . As for the HMA-WMA comparison, slight differences in fatigue responses can be observed. It thus seems that HMA and WMA fatigue responses depend on the initial deformation level applied, hence on the initial stiffness properties (as has been corroborated by a previous study [9] ). This trend can also be remarked when simply considering the measured experimental data in Figure 3 . By focusing on Table 2 however, it can be seen that fatigue law parameters "a" and "b" are very similar. In contrast, Figure 4 and Table 2 indicate that a linear law is able to fit fatigue results, in terms of dissipated energy vs. fatigue cycles to failure, at various temperatures with better reliability. In fact, correlation values in this case exceed 0.9 for both mixtures considered. HMA-WMA differences are more pronounced, especially when considering fatigue responses at low levels of dissipated energy, at which point WMA appear to behave better than HMA. For high dissipated energy levels, WMA and HMA fatigue laws are very similar. These slight differences in fatigue laws are more noticeable in Table 2 , where the gaps in parameters "c" and "d" between mixes are greater than those verified with the shear relative displacement; these findings also depend on the different value ranges considered for DE. This initial data presentation reveals the possibility of representing fatigue laws for asphalt mixtures in two distinct ways when considering measurement data generated from different test temperatures. Lastly, in light of these initial results, it would seem that adding synthetic wax to produce WMA and the corresponding lower working temperatures do not undermine the shear fatigue response of a traditional HMA. In evaluating Figure 8 , it can readily be observed that a power law applied with the flex point model offers great reliability when interpreting measured data collected at various test temperatures. Correlation parameters R 2 are greater than 0.9, which indicates a very good correlation between measured data and the classical linear fatigue law. Moreover, in comparing Tables 2 and 3 for the purpose of plotting in relative displacements, a good similarity in material parameters yet with different correlation values can be seen. This finding allows stating that a fatigue life representation is more reliable when applying the flex point model, even though parameters "a" and "b" are very similar for both failure criteria and both mixtures. By plotting results in terms of relative displacement and then changing the failure criterion, the material parameters of both mixtures therefore maintain very similar and comparable values. As displayed in Figures 3, 4 , 8 and 9 differences in response can be detected for low initial loading levels. In comparing HMA and WMA responses, parameters "c" and "d" slightly differ; in particular, the gap in parameter "c" is characterized by a factor of roughly 1.25. Hence, the differences in material responses are distinct and seem to depend on the level of dissipated energy. As can be verified in figure 3 , 4, 8 and 9, WMA appears to perform better at low energy levels, while a similar performance can be observed for HMA at higher energy levels.
Figure 3: Fatigue responses, as measured by relative displacement vs. cycles to failure with a 50% reduction in modulus
Figure 4: Fatigue responses, as measured by dissipated energy vs. cycles to failure with a 50% reduction in modulus
Lastly, Tables 4 and 5 below list detailed results of the flex point model application, along with a number of comparisons between the two failure criteria proposed herein. besides those determined by a 50% reduction in modulus. At 10°C, the proposed model identifies fatigue failure before that identified by the 50% modulus reduction, with the direct consequence being that failure occurs whenever the reduction in stiffness is less than 50%, except in one case (WMA 2-5). The opposite arises for data recorded at 20°C, for which the modeled failure points are located after that expected by the 50% modulus reduction, with the direct consequence of failure occurring for a stiffness reduction of more than 50%. The results listed in Tables 4 and 5 thus highlight in detail the differences in fatigue failure between the two adopted criteria. Given that the 50% modulus reduction is a failure criterion based solely on a pre-established reduction, hence on a conventional test point, the proposed model reveals itself to be more highly correlated with the entire material response during testing.
Stiffness characterization
Stiffness characterization involves both the compression complex modulus (E*), as evaluated with respect to the master curve by the sigmoidal model introduced above, and the indirect tensile stiffness modulus (ITSM). Figure 10 shows the various mixture responses through the measurement data and related master curves.
1.00E+03
1.00E+04 As seen in Figure 10 , the complex modulus responses of both asphalt mixtures are correlated with the reduced frequency and hence to the test temperatures being considered. This dependence is noticeable for both the measurement data and the final master curves derived using 10°C as the reference temperature. The master curves describe how an asphalt mixture behaves in terms of complex modulus vs. frequency, in omitting the direct dependence on temperature.
The extra stiffness of WMA over a wide range of reduced frequencies above 1 Hz can be observed, thus indicating a mechanical response very similar to what was identified during other experimental studies [23] . However, WMA seems to lose stiffness at frequencies lower than 1 Hz, i.e. where WMA values lie closer to HMA. Around 0.1 Hz, an intersection is found between master curves, all of which exhibit practically the same response; moreover, a trend towards stiffness gap reduction is noticed for reduced frequency values above 100 Hz. The temperature sensitivity of mixtures is apparent when examining individual measurement data: at frequencies of less than 1 Hz, HMA shows higher modulus values than WMA, whose behavior can be recorded for an individual experimental dataset at 20°C. Figure 11 and table 7 present the experimental stiffness data recorded using an indirect tensile configuration. The experimental data displayed in Figure 11 suggest that HMA and WMA stiffnesses are strictly correlated with test temperature. A decrease in stiffness occurs in both mixtures as temperature increases. When comparing Figures 10 and   11 and under similar test conditions, it is obvious that the applied load configuration plays a remarkable role in the stiffness response of both mixtures, as revealed in the mechanical performance of an asphalt mixture being higher in compression than in indirect tension. The additional WMA stiffness only appears at 0°C, as the warm samples tend to increase in stiffness around the 10% level. The opposite occurs at other temperatures, where WMA exhibits a decrease in modulus around 4% at 10°C, and then around 15% at 20°C. As also observed in the compression configuration at low frequencies, WMA stiffness properties show visible temperature sensitivity. Because all samples tested, whether HMA or WMA, were very close to 5% air void content, the measured additional WMA stiffness at low temperatures can only be correlated with the presence of synthetic wax. Once crystallized, the wax serves to add stiffness to any asphalt binder or mixture, and this finding can be verified during testing at predefined loading frequencies and temperatures.
Conclusion
This research program has studied the mechanical properties, in terms of shear fatigue and stiffness, of both WMA -The proposed fatigue representations, shown as WMA fatigue responses relative to both experimental data points and fatigue regression parameters, are very similar to those identified for traditional HMA, with differences depending on the criterion used and, more generally, on the relative displacement or dissipated energy level considered. Some noteworthy WMA-HMA differences have been found for the dissipated energy vs. cycles to failure parameter by applying the flex point model, for which the WMA seems to behave better.
Moreover, the change in fatigue criteria implies a change in fatigue law parameters. The addition of synthetic wax does not therefore seem to degrade the fatigue behavior of an asphalt mixture;
